Characterization of sugar content and enzyme activity in germinating soybean (Glycine max L. Merrell) seeds led to the discovery of sorbitol accumulating in the axes during germination. The identity of sorbitol was confirmed by relative retention times on high-performance liquid chromatography and gas liquid chromatography and by mass spectra identical with authentic sorbitol. Accumulation of sorbitol in the axes started on day I of germination as sucrose decreased and glucose and fructose increased. Sucrose also decreased in the cotyledons, but there was no accumulation of sorbitol, glucose, or fructose. Accumulation of sorbitol and hexoses was highly correlated with increased invertase activity in the axes, but not with sucrose synthase and sucrose phosphate synthase activities. Sucrose synthase activity was relatively high in the axes, whereas the activity of sucrose phosphate synthase was relatively high in the cotyledons. Ketose reductase and aldose reductase were detected in germinating soybean axes, but not in cotyledons. Fructokinase and glucokinase were present in both axes and cotyledons. The data suggest a sorbitol pathway functioning in germinating soybean axes, which allows for the interconversion of glucose and fructose with sorbitol as an intermediate.
contain NADP+-dependent sorbitol dehydrogenase for the interconversion between sorbitol and fructose (24) . Changes in these enzyme activities have been described in developing apple leaves (16) and fruits (1) , and in Japanese pear fruits during development and maturation (25) . Recently, a ketose reductase, which catalyzes the NADH-dependent interconversion between fructose and sorbitol, has been isolated and partially characterized from developing maize endosperm (9) . No information concerning the occurrence and metabolism of sorbitol in soybean tissues has been available.
The objectives of this study were to characterize sugar metabolism in germinating soybean seeds. The detection and positive identification of sorbitol in germinating soybean axes prompted further studies to investigate the role of sorbitol in sugar metabolism. In the present paper, we report finding sorbitol in germinating soybean axes in association with invertase activity. Both ketose reductase and aldose reductase, two enzymes involved in interconversion of glucose and fructose with sorbitol as an intermediate, have been detected in crude extracts ofaxes, but not cotyledons where no sorbitol accumulation was found. Additional information on the mechanisms of sucrose and hexose metabolism in germinating soybean seeds is also provided.
Sorbitol (D-glucitol) is an acyclic polyol found in a number of plant species, but most abundant in the Rosaceae family (22) . A primary photosynthetic product in apples, pears, and stone fruits that accounts for 60 to 90% of the carbon transported from the leaf, sorbitol is present in amounts ranging up to 10% on a fresh weight basis in many of these rosaceous fruits (2, 15) . It is also found in petiole, bark, and wood of both stem and root tissues of apple seedlings (6) and intact seeds (23) . The distribution of sorbitol in apple seedlings is affected by seasonal and daily changes (6) . In corn, sorbitol is found in seed and silk but not in pollen or leaf (5) . Low amounts of sorbitol are detectable in developing corn kernels that apparently are not translocated from leaf tissues (20) .
The metabolism of sorbitol has been extensively studied in leaves, fruits and callus tissues of several woody Rosaceae species (2, 15) . The major enzymic activities involved in sorbitol metabolism in apples include aldose 6-phosphate reductase and sorbitol phosphatase for the synthesis of sorbitol, and NAD+-dependent sorbitol dehydrogenase for the conversion of sorbitol to fructose (17, 18 (12) .
Sucrose synthase (EC 2.4.1.13) activity was assayed for sucrose produced at 30C for 15 to 20 min in the presence of 12 mm fructose and 12 mm UDP-Glc in 50 mM Hepes-NaOH (pH 7.5), according to the procedure of Cardini et al. (4) . This procedure was also used to assay the activity of sucrose phosphate synthase (EC 2.4.1.14), but the reaction mixture contained 25 mm fructose 6-phosphate, 10 mM UDP-Glc, 10 mM MgCl2, and 10 mM phenyl ,3-glucoside in 150 mM HepesNaOH (pH 7.5).
Glucokinase (EC 2.7.1.2) and fructokinase (EC 2.7.1.4) activities were measured by coupling hexose phosphate production with NAD reduction as described previously (1 1).
Ketose reductase (EC 1.1.1.14) activity was measured spectrophotometrically by the decrease in A340 in the presence of fructose (17) . The reaction mixture contained 50 mm MesNaOH (pH 6.0), 5 mM CaCl2, 0.8 mM NADH or NADPH, and 400 mm fructose. Blanks contained no fructose. Assays were initiated with the addition of hexose. Aldose reductase (EC 1.1.1.21) activity was measured in the same manner except that MgCl2 and glucose replaced CaCl2 and fructose, respectively, in the reaction. All enzyme assays were optimized experimentally with crude soybean extracts.
Isolation and Identification of Soybean Axis Component
The unknown compound from soybean axis was isolated by HPLC and the structure was determined by GC-MS analysis. Forty-five mL of hot 80% aqueous ethanol were added to 1.5 g of defatted fine powder of 2-d germinated soybean embryonic axes and extracted with shaking at 72°C for 30 min then reextracted twice with 15 mL 80% ethanol under the same conditions. The combined extracts were filtered through No.54 Whatman filter paper and reduced to about 10 mL on a rotary evaporator. The extract was deionized on a 2.5 x 4.5 cm column of 5 mL CM 52 overlaid by 15 mL DE 52, equilibrated with water. The first 10 mL of eluent were discarded, and the next 40 mL were collected, passed through an Uniflo filter, and lyophilized. The resulting sample was resuspended in water and passed through 15 mL DE 52. The eluent was filtered, lyophilized, and stored at -1 5°C.
The dry sample was dissolved in 1.2 mL water and 75 uL was analyzed by HPLC as described above, except the mobile phase was water instead of 0.1 mM Ca2+ EDTA, and the temperature ofboth main and guard columns was maintained at 85°C. The elution was monitored by a Waters 410 differential refractometer and fractions were collected from repeated injections until about 2 mL, which was equivalent to 1 mg pure sugar, was collected. The sample was lyophilized and used without further purification for GC and GC-MS analyses. The soybean axis compound and authentic stand- 
RESULTS
The HPLC elution profiles of soluble sugars extracted from germinating soybean axes and cotyledons were distinctively different (Fig. 1) . For instance, in d 2 of seed germination, axes contained much smaller amounts of stachyose and sucrose, and a much larger amount of glucose than cotyledons. Fructose and an unknown compound, labeled peak No. 7, were present in axes but absent in cotyledons (Fig. 1) . The putative sorbitol was not detectable in the mature, dry seeds of 'Williams 82' (data not shown), but a substantial amount accumulated during germination. To determine the identity of the compound, material was isolated from 2-d germinating soybean axes by repetitive injections on HPLC and 11.5 mg of the unknown was obtained from 1.5 g of dry axis. A SugarPak I column was used because this column was able to separate sorbitol from a mixture containing some naturally occurring six-carbon polyols, such as galactitol, L-iditol, myoinositol and D-mannitol (Table I ). In addition, the germinating soybean axes did not contain detectable D-mannitol, galactitol and L-iditol, three polyols that elute near sorbitol under these HPLC conditions. Hence, a highly purified preparation of the soybean axis compound was obtained by repetitive HPLC runs without further purification.
The soybean axis compound cochromatographed as a single sharp peak when mixed with authentic sorbitol on HPLC with a relative retention time of 1.28 (Table I ). The acetylated derivative of soybean axis compound also cochromatographed with authentic sorbitol as a single peak when mixed and analyzed by GC. The six-carbon polyols discussed above were also completely separated and gave different retention times on GC (Table I) . In this study, galactitol was eluted after sorbitol from a methyl silicone capillary column, although it was eluted before sorbitol from an OV-17 column, as reported by Carey et al. (5) . Combined GC-MS of the acetylated soybean axis compound gave a mass spectrum (Fig.  2) identical to an authentic sorbitol standard. The mixture of an equal amount of the soybean axis compound and the authentic standard also gave an identical mass spectrum. Moreover, both soybean axis compound and authentic sor- Enzymes of sucrose metabolism were assayed from the same samples used for the analysis of soluble carbohydrates. In cotyledons, invertase activity was present in low but detectable levels throughout the examined period ofgermination (Table III) . Sucrose synthase activity was not detectable at d 0 and 1 but increased to a relatively low level thereafter, whereas sucrose phosphate synthase activity was present at a relatively constant level. Activities of these enzymes in germinating soybean axes, however, exhibited different patterns from those observed in cotyledons. In axes, invertase activity increased rapidly from d 0 to d 2 and remained at fairly high levels thereafter. Sucrose synthase activity was present at fairly high levels during the first 2 d of germination and declined at d 3 and 4, whereas the activity of sucrose phosphate synthase, which had the greatest variation among the examined activities, was low or undetectable in the first 2 d and showed some increase in d 3 and 4.
The interrelationship among sugars, sorbitol, and enzyme activities in germinating soybean cotyledons and axes during incubation is shown in Table IV . Germination time was highly correlated with the decrease in sucrose content and weakly with the increase in sucrose phosphate synthase activity. The decrease in sucrose content was weakly correlated with the increase in invertase activity and glucose, fructose, and sorbitol content. Sorbitol levels were highly correlated (P < 0.001) with the levels of glucose, fructose, and invertase activity, whereas all these compounds and invertase activity had no correlation with the activities of sucrose synthase and sucrose phosphate synthase.
Enzymes of hexose metabolism were assayed in extracts of soybean cotyledons and axes harvested after 2 d of germination to evaluate the possible sources of sorbitol in germinating soybean seeds (Table V) . Ketose reductase, which converts 
DISCUSSION
Sorbitol has been found in soybean axes and appears to be produced during germination (Fig. 1) . Mature 'Williams 82' soybean seeds did not contain sorbitol, nor did the imbibed seeds. The accumulation of sorbitol was found to be highly correlated with the levels of glucose and fructose and the activity of invertase (Table IV) . These results suggest the presence of the sorbitol pathway described in mammals and fungi (13) . In this pathway, an interconversion of unphosphorylated glucose to fructose (or vice versa), as catalyzed by aldose reductase and sorbitol dehydrogenase, would occur with sorbitol as an intermediate. The finding that germinating soybean axes also contain aldose reductase and ketose reductase (Table V) , two catalytic activities needed for the formation of sorbitol from glucose and fructose, is consistent with the hypothesis that the sorbitol pathway may also function in soybean axes. The fact that cotyledons do not accumulate sorbitol and contain no detectable activities of aldose reductase and ketose reductase further suggests that these enzyme activities are responsible for the presence of sorbitol in germinating soybean axes. The sorbitol pathway was first suggested to exist in developing corn kernels (9) based on the presence of sorbitol and ketose reductase activity. In that study, ketose reductase had been isolated and partially characterized, but aldose reductase was not identified. In the present study, we were unable to purify either the soybean aldose or ketose reductase for further characterization due to the instability of these enzymes. No other reports of a sorbitol pathway in plants have appeared.
The results presented here suggest that the accumulation of sorbitol may play a role in facilitating hexose metabolism. During germination, soybeans convert oil and soluble oligosaccharides, such as raffinose sugars, into sucrose which is utilized by axes for rapid expansion and growth. Prior to utilization, sucrose must be metabolized into simple sugars, a process that may be accomplished by a large increase of invertase activity, as shown in germinating soybean axes (Table III) concomitant with a large increase in glucose and fructose in the tissue (Table II) . Additional fructose can also be derived from sucrose by sucrose synthase already present in the axes. Glucose and fructose would then be converted by hexose kinases to produce hexose phosphates for subsequent metabolism. Since fructokinases from plant sources, such as pea seeds (7, 21) , maize kernels (10) , and soybean nodules (8) exhibit strong substrate inhibition by fructose, it seems plausible that the presence ofsorbitol pathway in axes may provide a modulation function by converting excess fructose into sorbitol and, hence, facilitating the metabolism of free glucose and fructose. It is not clear, however, how the expression of aldose and ketose reductases is controlled in the process, or to what extent the sorbitol pathway functions beyond the germination period examined in this study (4 d) . Unlike the axes, cotyledons contained only low levels ofinvertase activity and did not accumulate hexoses (Tables II and III) . Consequently, the sorbitol pathway may not be present in this tissue as demonstrated by the absence of sorbitol accumulation (Table II) and detectable activities of aldose and ketose reductases (Table V) .
Several other differences in sucrose and hexose metabolism between the cotyledons and axes ofgerminating soybean seeds are apparent from the results presented here. Sucrose phosphate synthase activity was consistently higher in cotyledons than in axes, whereas sucrose synthase was higher in axes than in cotyledons (Table III) . This is consistent with the idea that sucrose phosphate synthase functions to synthesize sucrose in the cotyledon during germination (3) from the metabolism of seed storage products, such as oil, whereas sucrose synthase functions to breakdown sucrose transported from the cotyledon to the growing axes during germination. It is not clear why glucokinase activity was higher than fructokinase activity in the cotyledons, whereas fructokinase activity was higher than glucokinase activity in the axes.
In conclusion, this report had identified the presence of 
